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Electron microscopya b s t r a c t
For the understanding of mineral formation processes from solution it is important to obtain a deeper
insight into the dynamics of crystal growth. In this study we applied for this purpose a novel atmospheric
scanning electron microscope that allows the investigation of CaCO3 particle formation in solution under
atmospheric conditions with a resolution of approximately 10 nm. Furthermore it permits the in situ
observation of the dynamics of crystal evolution. With this tool the precipitation of CaCO3 was studied
in the absence and presence of additives, namely poly(acrylic acid) and poly(styrene sulfonate-co-maleic
acid) which are known to inﬂuence the crystal growth rate and morphology. We determined particle
growth rates and investigated the formation and dissolution dynamics of an observed transient phase,
believed to be amorphous calcium carbonate. This technique also enabled us to study the depletion
zones, areas of lower intensity due to reduced ion concentrations. Ion ﬂux rates were obtained from
the depletion zone width, which amounted to several lm assuming the formation and dissolution
dynamics of amorphous calcium carbonate being the rate determining process. This assumption was con-
ﬁrmed since the obtained ﬂuxes were found to be in good agreement with ﬂuxes derived from the exper-
imentally observed crystal growth rates.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.1. Introduction
The role of a transient amorphous precursor phase for crystal
formation has been identiﬁed as crucial for the precipitation of a
mineral phase in many biological systems (Termine and Posner,
1967; Raz et al., 2002; Addadi et al., 2003; Mahamid et al., 2010).
Therefore, understanding the growth and dissolution dynamics of
this phase and its properties is of paramount importance for unrav-
eling the mechanisms behind the formation of highly complex
skeleton- and shell structures formed by vertebrates and inverte-
brates. Biological systems exert a tight control over composition,
shape, ultrastructure and polymorph selection of the mineralized
phase from the nano- to the mesoscale. One important pathway
of control is the introduction of polymers with different function-
alities, in particular proteins and polysaccharides produced by the
organism, which lead to variations of nucleation, growth rates,
polymorphs and shape of the mineral phase (Belcher et al., 1996;
Chasteen and Harrison, 1999; Arias and Fernández, 2008; Kwak
et al., 2009). The interaction of these additives with the amorphousprecursor phase has attracted great attention since it is believed
that its understanding helps to explain the promotion and inhibi-
tion of mineralization as well as the shape control by organisms
(Gower and Odom, 2000; Chen et al., 2009; Verch et al., 2011).
The mechanism behind precipitation remains an area of
intensive research. As one result of this research it becomes
increasingly clear that the formation of precursor phases and
agglomerates follows hierarchical patterns from the atomic level
to the mesoscale and by that determining the functionality of the
resulting organic/mineral composite (Aizenberg et al., 2005). In re-
cent years various in situ techniques have been applied in order to
study the involved steps and the dynamics of calcium carbonate
crystallization in solution. In situ X-ray diffraction for instance per-
mits the study of the evolution of the crystallinity (Wolf et al.,
2008) or particle sizes (Bots et al., 2012). However, it is not possible
to observe the development of an individual crystal/particle as the
data obtained are usually averaged over all particles present in the
pathway of the X-ray beam. Atomic force microscopy (AFM) and
electron microscopy facilitate imaging with desirable, high spatial
resolutions. In situ AFM as a surface sensitive method allows for
example the visualization of the step growth of crystals (Wasylenki
et al., 2005), but traditionally suffers from relatively low scan
speeds, though high-speed atomic force microscopes have been
developed in recent years (Toshio, 2012). Traditional electron
microscopy, on the other hand, requires a high vacuum to avoid
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study biological or similar materials in their native – often aqueous
– environment. Cryo-electron microscopy offers a way to maintain
the vacuum and the ﬂuid environment – albeit in a frozen state –
and providing so called quasi time-resolved information about the
crystallization process of calcium carbonate (Pouget et al., 2009).
However, the samples are often altered during the sample prepara-
tion procedure such that it is frequently impossible to distinguish
between genuine features and artifacts introduced during the sam-
ple preparation for imaging (Hurbain and Sachse, 2011).
Novel approaches to this problem make use of specially de-
signed microscopes or holders that allow for electron imaging
through thin membranes keeping the investigated sample in a li-
quid environment while still making use of the high spatial
resolution provided by the electron microscope (de Jonge et al.,
2010; Nishiyama et al., 2010).
In this work we employed a novel technique to study precipita-
tion from a supersaturated solution of calcium and carbonate ions:
an atmospheric scanning electron microscopy (ASEM) (Nishiyama
et al., 2010). This technique allows imaging of crystal formation
within the liquid phase under atmospheric conditions and facili-
tates the study of growth dynamics of CaCO3. In addition to exper-
iments in the absence of additives, we investigated the CaCO3
growth in the presence of macromolecules that are known to affect
the crystal formation. We utilised poly(styrene sulfonate-co-maleic
acid) (PSS-MA) and poly(acrylic acid) (PAA) for this purpose. The
ﬁrst polymer is an amorphous CaCO3 (ACC) stabilizing mesocrystal
mediator (Song et al., 2008) while the latter polymer is known to
stabilize polymer induced liquid precursor (PILP) phases and ACC
(Gower and Odom, 2000). In industrial applications it is frequently
used as an anti-scaling and dispersing agent (Gill, 1999).2. Experimental details
2.1. Atmospheric scanning electron microscopy
The experiments were performed using a JEOL JASM-6200 scan-
ning electron microscope (ClairScope™). A schematic drawing of
the experimental setup is shown in Fig. 1. The instrument consists
of two components. The lower component is kept under vacuum
and comprises an inverted atmospheric SEM and a backscattered
electron (BSE) detector, while the upper component remains under
atmospheric pressure with an optical microscope allowing also for
ﬂuorescence imaging not used in our studies. Both components are
separated by a 100 nm thin silicon nitride membrane (SiNx,
250  250 lm lateral length) in the centre of a disposable 35 mm
diameter plastic culture dish, through which the electrons can
penetrate and interact with the sample that is maintained underFig.1. Schematic for the experimental setup of the atmospheric SEM (ASEM) used in this
Imaging is performed through a SiNx membrane at the bottom of the petri dish containatmospheric pressure. Electrons backscattered by the sample and
atoms in the solution are used for the image formation. This design
allows for in situ studies of crystallization processes through the
SiNx-membrane. However, the mean free path of electrons through
liquids is very limited and hence the information depth using an
aqueous solution under the imaging conditions applied in our
experiments is in the range of several lm (Morrison et al., 2012).
The instrument was initially used at 30 kV for best resolution
and penetration depth, but most experiments were performed at
20 kV to reduce electron beam damage to the sample.
2.2. Sample preparation
Aqueous solutions of Na2CO3 (10 mM, Sigma–Aldrich, Cat.No.
223530) and CaCl2 (10 mM, Sigma–Aldrich, Cat.No. 223506) were
freshly prepared using deionized water (18.2 MX cm). This con-
centration was chosen since it provides nucleation times below ap-
prox. 30 min at room temperature, which is approximately the
lifetime of the SiN membranes under electron irradiation, allowing
a direct observation with ASEM. PSS-MA (total ﬁnal concentration:
350 and 85 mg/L) and PAA (5 mg/L), when applied, were added to
the CaCl2 solution. The sample dishes for the ASEM studies (JEOL
Welwyn Garden City U.K.) were treated with an air plasma for
40 s directly before the experiment in order to hydrophilize the
membrane surface. The solutions were ﬁltered through a 0.22 lm
ﬁlter before use. The calcium ion solution was added to the dish
and the reaction started about 5 min later by adding the same vol-
ume of Na2CO3 solution. After the ASEM observations, the superna-
tant reaction solution was removed from the dish. After drying
under air the crystals were examined in a conventional SEM (FEI
Sirion S-FEG). Poly(4-styrenesulfonic acid-co-maleic acid sodium
salt) (Cat.No. 434566) and poly(acrylic acid) (Cat.No. 416029) were
purchased from Sigma–Aldrich and used without further puriﬁca-
tion. All experiments were conducted at least twice: 4 times in the
absence of polymer additives, twice in the presence of PSS-MA and
3 times in the presence of PAA.
The crystal growth rates were evaluated by applying a thresh-
old to the image pixels and by determining the crystal area using
the freeware ImageJ software (Schneider et al., 2012). The deple-
tion zone widths were derived from 20 pixels wide line scans
across the crystal area.3. Results and discussion
3.1. Precipitation without additives
To study the precipitation we investigated the formation of
CaCO3 crystals growing from a supersaturated aqueous solutionwork. (a) Arrangement of inverted SEM at the bottom and petri dish at the top. (b)
ing the supersaturated CaCO3 solutions.
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tions, the solution clouded, which can be associated with the
formation of a hydrous amorphous CaCO3 phase (ACC) (Brecˇevic´
and Nielsen, 1989; Addadi et al., 2003). About 4–5 min later, ﬁrst
crystalline particles could be observed by the ASEM forming at
the SiNx membrane surface. From subsequent investigations with
a conventional SEM, after removal of the supernatant solution
and drying of the petri dish, we found that these crystals showed
faceting characteristic of calcite. This was also conﬁrmed by Raman
spectroscopy (not shown here). Often these crystals showed inter-
growth (Fig. SI 1a). Once particles formed on the membrane and in
the ﬁeld of view, ASEM video frames could be recorded to study the
growth dynamics, by extracting growth rates and intensity varia-
tions. The frame recording shown in Movie S1 started about
1 min after the ﬁrst appearance of the crystal. It cannot be distin-
guished whether the crystal had nucleated directly on the mem-
brane surface or attached to the surface after the onset of
crystallization. Fig. 2 presents a sequence of images from this mo-
vie showing the time evolution of a crystal of a lateral size of
approximately 1 lm. The subsequent growth can be subdivided
into three phases: phase I: single crystal growth, phase II: forma-
tion and competing growth of a second crystal and phase III: occur-
rence of a transient phase in the vicinity of the growing crystals.Fig.2. Sequence of ASEM images taken from Movie S1 showing the in situ growth of a CaC
arrow in the ﬁnal panel marks the non-crystalline transient phase referred to in the tex
Fig.3. (a) ASEM image of crystals formed in the absence of additives. (b) Evolution of the
AB, BC and CA are presented.The edge length ratios and the angles of the initially observed tri-
angular calcite crystal projection suggest that the crystal face par-
allel to the membrane surface is either the (2110) or (116)-plane
when assuming a scalene triangle or the (012)-plane in the isosce-
les case.
The example shown is of particular interest as it allows for the
study of the crystal growth dynamics under the changing condi-
tions in the proximity of the ﬁrst crystal. For a time interval of
approximately 2 min after the appearance of the crystal a second
crystal that had formed in the bulk solution, appeared, settled
down close to the ﬁrst crystal and subsequently grew together
with the ﬁrst crystal. To investigate the impact of the appearance
of the second crystal (crystal II) on the growth dynamics of the ﬁrst
one (crystal I) the growth rates of the three projected planes of
crystal I were determined. From the results, shown in Fig. 3, it be-
comes obvious, that the presence of crystal II leads to a reduction
of growth rates on all visible edges of crystal I. In phase I, i.e. in
the absence of a competing crystal, all planes of crystal I grow with
a constant rate of approximately 3.8 nm/s. During phase II the
growth rates for crystal I instantaneously decrease by about 15%
compared to the rates in the absence of crystal II. Phase III is
marked by the onset of an apparently non-crystalline transient
phase that forms and dissolves on a time scale of several secondsO3 crystal from a 10 mM solution of Ca2+ and CO32 ions at the indicated times. The
t.
growth rates of the triangular crystal. Growth rates for the projection of the facets
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reduced intensity surrounding the crystal having a lateral extent
of approximately 3–5 lm could be observed (see Figs. SI 2a and
b). The signiﬁcance of this will be discussed later.
In our experiments, backscattered electrons (BSE) are detected.
The scattering intensity is dependent on the atomic number of the
scattering atoms and on their density. Hence, solid particles gener-
ally give rise to higher BSE intensities than the ionic liquid, where
the concentration of the ions in solution is crucial for the BSE inten-
sity. We conclude that the observed reduced intensity of BSE in the
vicinity of the crystals reﬂects a reduced ion concentration, since
they lead to an increased scattering of the primary electrons in
the solution, due to the higher atomic mass of the atoms constitut-
ing the ions compared to water. Interestingly, the width of the zone
with lower intensity is larger at long facets than at the corners
reﬂecting the fact that ion diffusion is enhanced at the corners.
3.2. Impact of PSS-MA on precipitation
In two further sets of experiments we studied the impact of
PSS-MA and PAA on the growth dynamics of CaCO3. The macromol-
ecules were added to the CaCl2 solution and presumably form cal-
cium-polymer complexes. In the case of the PSS-MA polymer two
different concentrations were tested, namely 350 and 85 mg/L. At
350 mg/L additive content a transient phase, presumably amor-
phous CaCO3, appeared approximately a minute after the start of
the experiment. In the course of the experiment further transient
material was precipitated, but no crystals could be found forming.
When the additive concentration was lowered by a factor of 4–
85 mg/L, dumbbells could be observed after an induction period of
about 4–5 min. The initial dimensions of these structures were
approximately 2  1 lm and they grew to a size of 5–10 lm, if
they were not exposed to the electron beam (Fig. SI 1b). Raman
spectroscopy revealed that these dumbbells in fact consisted of
calcite (Fig. SI 3). When these dumbbells were examined with
higher magniﬁcation (3700) an increase of BSE intensity in the
surroundings of the dumbbell could be observed, probably due to
the charging of present amorphous material (see Movie S3, beam
current 90 pA, acceleration voltage 30 kV). The size of the dumb-
bells remained constant for several minutes. However, afterFig.4. Sequence of ASEM images taken from Movie S3 showing in situ the growth of a CaC
the indicated times. Line scans along the lines a-f (390 s) are shown in Fig. SI 5.approximately 2–3 min under the inﬂuence of the electron beam
the dumbbells started growing at an accelerated rate. In this pro-
cess the shape of the dumbbells was changing drastically and
eventually a crystal with well-developed facets, resembling those
of calcite, could be observed. It is noteworthy, that a zone of lower
BSE intensity was evolving in the vicinity of the crystal. In contrast
to the depletion zone observed in the experiments without addi-
tive (Fig. 4), the reduced BSE intensity in the presence of PSS-MA
is created by the dissolution of the amorphous material surround-
ing the growing crystal. This zone was evaluated using intensity
proﬁles along the white bold line shown in Fig. 4 (390 s) at differ-
ent points in time. An example of an intensity proﬁle, now from
position f is presented in Fig. 5a). The region on the left hand side
with high BSE intensity represents the crystal and its boundaries.
In the direct vicinity of the crystal the BSE intensity is lowered
by a factor of about 3 compared to the values at distances of
8 lm or more and rises slightly when the edge of the depletion
zone is reached. Before the rapid growth started no depletion zone
could be detected underlining the association of the depletion zone
with the growth dynamics. While the crystal was growing contin-
uously, though with a decreasing rate for t > 4 min, the depletion
zone increased only for about 3 min. After that it stabilized at a va-
lue of approximately 4–5 lm (see Fig. 5b). This number is in good
agreement with the value found in experiments in the absence of
additives. The depletion zone is indeed a real diffusion effect and
is not caused by interactions of the electron beam with the crystal
or the membrane, as has been conﬁrmed by investigating crystals
that had been grown without exposure to the electron beam. As
long as the outer edge of the depletion zone around a growing crys-
tal is far away from a transient particle, this particle appears to be
stationary. However, once the depletion zone edge approached the
particle, it started to mobilize and eventually dissolved. This is a
clear indication, that the solution around the particle environment
was inﬂuenced by ion ﬂuxes caused by the concentration gradient
between the growing crystal and the bulk solution.
3.3. Impact of PAA on precipitation
Experiments in the presence of poly(acrylic acid) were con-
ducted at an overall polymer concentration of 5 mg/L. A sequenceO3 crystal from a 10 mM solution of Ca2+ and CO32 ions with PSS-MA as additive at
Fig.5. (a) Line scan along line f indicated in Fig. 4 after 390 s. (b) Crystal diameter and depletion zone width as a function of time as determined from image sequence shown
in Fig. 4 (390 s) along the bold white line (a).
Fig.6. Sequence of ASEM images taken from Movie S5 showing in situ the growth of a CaCO3 crystal from a 10 mM solution of Ca2+ and CO32 ions in the presence of PAA at
the indicated times.
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is shown in Fig. 6 (cp. see Movie S5). After mixing of the educt solu-
tions a transient phase, presumably amorphous CaCO3, precipi-
tated initially. However, under the inﬂuence of the electron beam
(beam current 56 pA, acceleration voltage 30 kV) this transient
phase transformed into calcite after about 160 s. Here again, the
appearance of crystalline material triggered the dissolution of the
precursor phase. In Fig. 7 the evolution of the area covered by
the transient phase is shown. The dissolution of the precursor
phase proceeded at a much higher rate than in the presence of
PSS-MA. Already 80 s after the appearance of the calcite crystal
(indicated by an arrow in Fig. 7) the transient phase was com-
pletely dissolved, while it was stable before the crystal formation.
This emphasizes the fact that the PAA stabilized precursor phase is
more soluble than its PSS-MA counterpart and that presumably
less transient material was present in the vicinity of the crystal.
At a later stage of the particle growth an area with reduced bright-
ness was observable forming around the growing crystal (see Fig. 6(580 s)), which is most likely to be caused by a depletion of ions in
this region. The width of the observed depletion zone varies be-
tween 3 and 5.5 lm depending on the location. Further away from
the crystal no contrast variations were detectable.
3.4. Evaluation of depletion zone
The development of the area A covered by forming and growing
crystals allowed for an estimation of the growth rates dr/dt. The
averaged radius r, assuming a hemi-spherical geometry for the
crystal, was determined from
r ¼
ﬃﬃﬃ
A
p
r
The development of r as a function of time for the three exper-
iments discussed above is given in Fig. 8. A linear regression of the
approximately linear regions of the resulting curves delivers dr/dt
for the three experiments. These values are presented in Table 1.
Fig.7. Evaluation of transient phase evolution as observed in image sequences
shown in Fig. 6. The development of the area covered by transient material in the
ﬁeld of view is presented. The arrow indicates the point at which the calcite crystal
was formed.
Fig.8. Development of the radius r as observed in Figs. 2, 4 and 6. The radius r was
calculated according to Eq. (2). The bold, colored lines represent the linearly ﬁtted
regions.
Table 1
The crystal growth rates (dr/dt) as determined in Fig. 8, the resulting ion ﬂuxes (jC),
the required ion ﬂuxes calculated by Eq. (1) and the estimated diffusion zone widths
are given.
Additive dr/dt/109 m/s jC/104 mol/m2/s jDZ/104 mol/m2/s d/lm
None 3.7 ± 1.2 1.0 ± 0.3 1.1–1.9 3–5
PSS-MA 10.4 ± 6.8 2.8 ± 1.8 1.0–1.9 3–5.4
PAA 4.7 ± 1.4 1.3 ± 0.4 1.1–1.9 3–5
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important information about the distances across which ions need
to diffuse from the bulk solution to the growth site and the associ-
ated mass transport. For a quantiﬁcation of the diffusive mass
transport Fick’s ﬁrst law was applied resulting in
j ¼ D @c
@x
 D ceq
d
;
where j represents the diffusional ﬂux, D the diffusion coefﬁcient, c
the concentration and x the spatial coordinate. Here, we assumed a
linear, negative concentration gradient (cp. Nernst for the diffusion
layer (Amatore et al., 2001)) in equilibrium and approximated the
gradient by the ratio of the equilibrium concentration ceq and the
width of the depletion zone d. A literature value for
D  9.0  1010 m2/s at room temperature was used, (Yuan-Hui
and Gregory, 1974). We also assumed that the concentration van-
ishes at the crystal surface. Furthermore, we assumed that thetransient phase, which was observed during all 3 experiments, is
in equilibrium with the surrounding bulk solution. The solubility
of the transient, supposedly amorphous, phase was assumed equal
to the solubility of ACC. The equilibrium constant for the solubility
of ACC (KACC = 4.05  101(mol/m3)2) in terms of the respective
equilibrium ion concentrations is given by Brecˇevic´ and Nielsen
(1989) to be
KACC ¼ CCa2þCCO23
In our experiments we used equal concentrations of anions and
cations, hence
Ceq 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
KACC
p
These simpliﬁcations lead to an expression that links the ﬂux
with the diffusivity, equilibrium constant and depletion zone
resulting in
jDZ  D
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
KACC
p
d
ð1Þ
On the other hand the ﬂux can be estimated from the experi-
mentally observed growth rates. Expressing the density of calcite
in terms of the molar mass q = 2.71  104 mol/m3 the growth rate
can be related to the corresponding molar ﬂux jC using
jc  q
@r
@t
ð2Þ
The values for the depletion zone width observed in our exper-
iments vary between 3 and 5.5 lm and depend mainly on the loca-
tion of the measurement. In general, smaller depletion zone widths
were measured around the corners of crystals. In Fig. SI 4 intensity
proﬁles taken from line scans at the positions a-f shown in Fig. 4
(390 s) are presented. From the average depletion zone width
determined in these experiments, approximately d  4.2 ± 1.2 lm,
we obtain a ﬂux of jDZ = (1.36 ± 0.39)104 mol/m2/s.
3.5. Comparison of ion ﬂuxes determined from depletion zones and
growth rates
The radial changes dr/dt and the estimated ion ﬂuxes jC for the
crystals discussed above are given in Table 1. Both the growth rates
and the calculated ion ﬂuxes varied between the different experi-
ments, with the highest growth rate and ion ﬂux in the PSS-MA
experiment and the lowest in the absence of any additives. The ob-
tained values for the ion ﬂuxes jC in experiments in the absence of
additives and in the presence of PAA agree very well with our esti-
mation on the basis of the measured depletion zone width (jDZ),
while the ion ﬂux calculated for the experiment in presence of
PSS-MA is approximately a factor of two larger than jDZ. This much
larger difference could be due to the morphology of the crystal
forming in the presence of PSS-MA. In fact, the apparently
polycrystalline morphology of this crystal allows for fast growing
surface facets in contrast to the facets forming the surfaces of the
other crystals.
3.6. Impact of the electron beam
It is obvious from our experiments that the electron beam can
trigger the crystallization of ACC or change the crystallization
mode in additive controlled systems. Different explanations for
this observation are conceivable: ﬁrstly, the energy introduced into
the system by the inelastic scattering might help to overcome an
energy barrier that prevents the transformation into the crystalline
phase. Secondly, the electron beam induces a negative surface
charge on the surface of the present particles (either ACC or crys-
talline). This suppresses the adsorption of the negatively charged
276 A. Verch et al. / Journal of Structural Biology 183 (2013) 270–277polymers and the additives can no longer control the crystalliza-
tion. However, a size comparison between crystals grown in the
presence of the electron beam with those that had precipitated
outside the ﬁeld of view resulted in similar values. This emphasizes
the fact that the impact of the electron beam is predominantly
found in the triggering and morphology development of the crys-
tals rather than in the growth rates. It should be noted that the
power introduced per area introduced by the electron beam varied
between 1880 and 1870 for the experiments without additive and
with PAA, respectively and 3010 W/m2 for the experiments with
PSS-MA to improve imaging conditions. This variation does not ap-
pear to have a notable impact on either the growth rates and the
depletion zone widths. Conversely, an impact of the introduced
power on the morphology development cannot be excluded and
will therefore be systematically studied in future experiments.3.7. Role of transient phase for precipitation dynamics
Within the error margins it can be concluded that these ﬁndings
underline the fact that the formation and dissolution dynamics of
the transient phase is determining the crystal growth dynamics.
Over the course of the experiments the growth rates decreased
slowly. This indicates a diffusion limited particle growth, as the
concentrations in the solution also decreased due to the crystal
growth. Repeat experiments to those presented here were found
to result in a smaller variation of growth rates and depletion zones
between experiments with and without additives (see Table SI 1
and Fig. SI 5). This is supporting our conclusion that the crystal
growth is predominantly determined by the formation and disso-
lution dynamics of ACC.
The conﬁned areas in biological systems, such as in nacre (Cur-
rey, 1977) or collagen (Nudelman et al., 2010) are in the range of
tens of nm to approximately 1 or 2 lm. It is conceivable that a
change of the diffusion properties around a growing crystal is
likely to change the growth kinetics. This might even have implica-
tions for the polymorph selection (Aziz et al., 2011) or the stabil-
ization of transient phases (Stephens et al., 2010) as well as the
precipitation pathway in general. With a size of about 4.2 lm the
diffusion layer we determined in this work is signiﬁcantly larger
than the space available in many biological systems. Our experi-
ments conﬁrmed that PAA and PSS-MA stabilize amorphous CaCO3
phases. However, both appearance and stability of the ACC phase
vary between the two additives. In the presence of PAA easily sol-
uble ACC particles were formed, with a comparably strong contrast
due to their size and hence stronger electron scattering. The con-
trast of the ACC formed in the presence of PSS-MA is much lower
which might be due to the fact that PSS-MA forms thinner drop-
let-like structures as was previously reported (Song et al., 2009).
On the other hand this amorphous phase appeared to be much bet-
ter stabilized and only dissolved close to the depletion zone around
the growing crystals.4. Summary
Our data emphasize the high potential of in situ atmospheric
scanning electron microscopy (ASEM) for quantitative studies of
the mineral formation from liquid environments and the impact
of organic additives on biogenic and bioinspired mineralization.
We show that ASEM allows for a direct investigation of crystal
growth dynamics of calcium carbonate from solution. The onset
and dynamics of formation and dissolution of a transient phase
(possibly amorphous CaCO3) was investigated with and without
additives. The additives (PAA and PSS-MA) were found to stabilize
the transient phase and a direct visualization of morphology
changes caused by the presence of these polymers could beperformed. From the observed depletion zone and growth rates
quantitative values for the corresponding ionic ﬂuxes were obtain-
able, supporting the conclusion that the formation and dissolution
dynamics of the transient phase dominate the mineral growth.
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